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AFRODYRAMIC CHARACTERISTICS OF 30-MM HEI SHELL, T306 El0 (U)

ABSTRACT

The aerodynamic properties at small yaws for Mach mumbers between
0.5 and 3.0 of the 30-mm HEY, T306 E10 shell as determined by epark
range firings are presented and discussed. Particular attention is
glven to the markedly nonlinear behavior of the Magnus moment for very
emall yaws and to the reduction in size of the nutational yaw damping
rate due to the presence of the arming ball rotor in the fuze. This
report surersedes ERI, TR 896.
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TABLE OF SYMBOLS AND COEFFICIENTS L
3 ‘
A ~ ‘xla: nament of inertia '
B = Transverse rou. i of inertla L.
a = Intercept of Q function (Q = a + bM) r
N
b = Slope of Q func*ion (Q = = & 7} L
cm = Center of Mass }
CPy = Center of pressuré of normal force =
h g ;:
d = Diameter é; ’
ky = Axial radius of gyration Ei :
k2 = Transverse radius of gyration l; <
#
K, = Size of nutationel yaw arm at mid-range "R
K20 = Size of precessional yaw arm at mid-range
X, = (Drag force)/p w2 = X +X o 82 F
0 3 :
| 3 = (Lift force)/p w2a® = ( + 62) 3=KD3
L KLo &62 KL ‘
= (Overturning moment) / va’ - ( + 52) 8= K38 :
o ie e, * 2 X
= (Magnus moment) / u?ady = (x, +X 62) 3=K3
kp | ° X+ Kp2 %
ka = (Damping moment due to cross angular velocity) / [ u'zd.3 -
2 2 2 2 2
( + 8%) d Yo ,” + o KA [o " +
2 2 3 . Y%
%, * "B, l ° i} y -
N = (Damping moment due to cross acceleration)/p u2a’ =

(%, *'Smb2°2) a ﬁ22+ﬁ3 xdeﬁea+532
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.2 - fa,2 Y3 K
Krsz - % K'rO

0

Mach number
Weight
Number of yaw stations

Number of timing stations

V1+M2KD = a + bM
o]

Gyroscopic stability factor
Dynamic stability factor
Redius of swerve at mid-range
(“1“2u3) (total velocity vector)*
13

u

Angle of yav

-‘ /“2 + u3
Isin al —-?——-

Mean squared yaw

L L
, # -8
'Cloz * 2’(2‘02
2K)o7 + Keoe A

Error in sverve fit

Error in yaw fit

Effective

-—
The "one” axis is along the missile's sxis of symmetry.
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xl = Damping rate of nutaticnal yaw
>‘2 = Damping rate of precessioi:l yaw

mld
¥ "

“

¢i = Turning rate ui rataiivnal arm
¢é = Turning rate of precessional arm
o = Density of air

g = Vl -1/s

® = (mlmc.;u}) total angular velocity
() = Prime refers to differentiatfon with respect to distance.
() = Dot refers to differentiation with respect to time

RESULTS OF REF. 5

Subacript “"range" refers to coefficients computed aczording to Ref. (b).
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INTRODUCTION

The preparation of firing tables for the launching of 30mm T306
EiC she') fvom superranic aircraft requires a knovledge of the bullet's
Avpodynsmic behavior at superscnle «nd sshsonic speeds for forward and

-rearwvard fire.(l) In addition; wall turret firlugs, vna:r cerinin enn-

ditions, lead to large initial yaws. Aerodynamin measurements for tizi:
shell at large yows vere made in the wind tunnel, and in?t4s}) vawvs of
fifteen degrees were oY’ iprea in (he Trensonic Range. To obtain small
yaw data at supersonic Mach rumber, firings were made in the Avrodynamics
Range and measurements were madé in the wind tunnel; to obtain sonic and
subsonic emall yav data, the Aerodynamics Range alone was used. This re-
port contains the results of the firings in both ranges and compares

them with wind tunnel measurements. These data supersede Reference 2,

EXPERIMENTAL PROCEDURE

Porty-three rounds were fired in the Aerodynamics Range from & tube
with a twist of one turn ir 16.5 calibers of travel, covering a range of
Mach numbers from 0.46 to 2.42. Plate 1 1s a shadowgraph of the shell at
Mach number 2.2; and Plate 2, a photograph of the shell,

Early comparison of the yaw damping moment coefficient with that
obtained from the wind tunnel showed disagreement, It was conjectured
that the presence of the arming ball rotor in the fuze of the shell
changed the damping properties of the shell in flight. ESeven rounds
with the arming ball rotor removed from the fuze were fired in the
Aercdynamics Range at Mach numbers 1.8 and 2.1; these rounds verified
the conjecture. The cavity obtained by removing the arming ball rotor
wvas inert loaded to preserve the inertial properties of the shell In
spite of this precaution there was a slight change in these p.-operties
vhich are given in Plate 3. Five rounds (two with the arming ball rotor
removed) were fired in the Transonic Range from & gun tube which was
notched at the muzzle in an attempt to obtain large yaw.

The firing of such a small proJeétile in the Transonic Range pre-.
sented, at that time, a problem in triggering the stations. The standard

CONFIDENTIAL
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procedure for obtaining shadowgraphs in the Transonie Range(B) wa

as foliows. A magnetic charge was put on the shell, Then, as the shell
pasoet throvgh moler~id colls, one f7r each station, the spark would fire
after a pre-set time delmy,

Because the firings of the 30mm T306 shell in the Transonic kanwa
vere planned sg very-large-yaw firings, the 2xpected trajectorice rosil.
only have been accommodated by large polenol!? cuilé. 1he required i
ameter for thes ~1ls would have been too large, relative to the size
of the shell; fi wsuccessful station triggering.

The solutlioa to this dilemma was to use printed circuits (Plate 4).
The printed circult consisted of a sheet ¢f paper upon vhich a continuous,
rectilinear line was drawn with silver paint. 'he line traversed the
width of the paper, returned to the other side at a level lese than 3/4"
balow the first line, and continued crossing back and forth across the
sheet with this same specing. The shell, being 30mm (1.171") in ai-
ameter, was physically unable to pierce the sheet without establishing
contact with the circuit. This breaking of the circuit, with a pre-set
time delay, triggered the spark.

Since these firings, the Transonic Range has been equipped with

photc-electric cells for triggering the stations. These cells worked
successfully with large yaw firings of the 20mm T282El shell.

Even with a notched barrel the largest yaw obtuined was only 15
- degrees at thé muzzle, and this damped to 8 1/2 degrees at mid-range.

EXPERTMENTAL RESULTS
A. BStatic Properties
1. Dreg
The K, value for each round is determined by means of & cuble

range
polynomial fit to time-distance measurements. Values for KD and KD 2

are obtained by plotting KD vyalues vs mean squared yaw.o
range

Knme“no*xnba

CONFIDENTIAL
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The accuracy of these determinations dependc not only on the accuracy of
the drag data, which are knovn to be very good, but also upon the spread
of vaus ohtained. Unfortunately, the rounds fired in the Aerodynamics

Range reached average yaw !ivaels o -nly three degrees. Bince ICD o was

\
well determined in the Wind Tuv fw'.'“‘ for supersonic Mach n\m‘wrs, those

values were used for deteraini» i, 'Y means of the abeve walr.:onchip,

A8
The larger yaw rovdy firal 1o tue ransonic Range traversed a sufficient

amount of printed circuit paper within the timing statione to increase
the drag of the shell noticeably. Otherwise, those rounds would hiave pro-

vided the necessary yaw spread for a good determination of KD and KD 2
wvithout resorting to Wind Tunnel dats.
Sonic and subsonic data were reduced to zero yav by standard tech-
niques, Figure 1 is a plot of the resulting KD vs Mach number. Wind
(o}

tunnel values fall slightly below range values. It should be noted that
the wind tunnel tested a model of the shell whereas range firings were
done with actual production rounds.

A Q function was computed for rounds in the region 1L.hL<M<2.5:

Q= v1+H2KDO-a+bM

a= 08353 i -m35 8, do
b= .2649 + .0019 s. d.

2. Lift

The variation of the lift force with angle of attack is linear up
to about six degrees, B8ince almost all the firings in this r:port have

yav levels belov six degrees, K - KL Only one rcund (No. 2-31%1),
Tunge

vhich has the largest root mean squared ynv of 8 1/2°, has a K sig-
e

nificantly greater than KL » From wind tunnel meamranenta( k) K“a"’
0
=25at M= 2, KL for R4, No. 2-3151, vhen handled in the same

(]
manner set forth in Reference 5 agrees with the wind tunnel results,

CONFIDENTIAL
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K vs M 18 given in Figure 2. The rising and dlpping of the

L

0
- curve which occur through the transonic region was substantiated by
using a »eAnrtion which allows KL to vary with Mach nmn'ber(6).

range ,
Computed dKL /dM slopes are showm in M)ri:e 2 as short lines, and the

dashed curve represents the trend throvgh this regioa.
Assuming K, constant with Mach number in the regica l.hen ¢2 ¢,
6]
K, hes a standard devis*f~. of 3.5% about a value of 924, Wind tunnel
‘0

measurements show slightly higher values for KL than those <uirin~d in
the range, 0

3. Overturning moment and center of pressure of normal force

The removal of the arming ball rotor from the fuze resulted in a

rearvard shift of the center of mass of .07h caliber. The Ky values
’ range
plotted in Figure 3 have been corrected to the c.m, position of the shell

with the arming ball rotor in the fuze. Fnr these firings, because of
the linearity of the overturning moment with angle of yaw in the yaw region

concerned, KH - KMO. The wind tunnel va.lues(u) for KMO fall slightly
range

below those of the range at higher Mach numbers. The center of pressure of

the normal force, CPN, is plotted v3 Mach number in Figure L.

B. Dynamic Properties

Certain aerodynamic forces and moments of this projectile are eo
strongly nonlinear wvith yaw that this nonlinearity cannot be neglected.
In Reference (5) there have been derived the necegsary yaw parameters
sgainst which the measured aerodynamic coefficients should graph linearly,
For cubic variations with yaw of the Magnus moment and yaw demping Ment
the following equations arise:

. |4 2 2
(1) (5 -Ky) =Ky oKy +X ot [fite0 o %2 Mo
range HO 0 ¢l _¢2

2 [9, + 94, .
-2 : 2["102"‘202] & X

f 1 Tt
k" | -%

10
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2 |02, 2 g2, 2
» 2 k ¢ Ko - ¢ K »
(2) "rm‘ﬁ;e - "1'0 * Kp2 8, + k:2 .-1 ¢ig - éa ° Kg 2

wasre tue 2leercd to-ms are defined Yy:

* _ 1
Ka 2 'Kaba T R §KMA°
K ax 2
- Y- - -g .
T52 J.br.’ c KTO

1. Magnus moment

It is known that the Magnur. moment of a pure cylinder shows mild
nonlinearity with yaw (7). Th’s nonlinearity, though relatively stronger
thaa that observed in other aerodynamic moments, 1s almost negligible for
yaws up to five degrees, Therefore, when strong nonlinearity is evidenced
for a conventional shell for yaws lers than five Aegrees, ballist’nis-s
ars hourd to express concern, Suel 16 L2 gituation with vhe %Omt %6

ElO0 shell (Ref. 8).%*

To handle the Magnus data of the rounds, it was assumcd that the last

_ term of Eq. (2) was negligible:

* 2
(&) R - +X o 8
range KrI'o 62 €
A least squares fit for rounds where 8 02 £ .0042 resulted in

= 047 + .010 s.4.
%, hd

.,
!{rba .- l;r52 = -36 + 4 s.d.

The very few larger yav firings would provide radically aifferent
values indicating either higher order effects or a non-polynomial variation
of k,r with 8, ’

winvestigations are being conducted in the wind tunnel and in the Aero-
dynamics Range to determine the causes of the strong nonlinearity, such
as rotating band effect, variation of transition point, or particular
shape of the base of thie shell.

11
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In Reference 5, {. H. Murphy suggests that when an aerodynamic
moment requires more than a simple cubic to describe itsvhmctiona.l
relationship with 8, the range data be divided into two (or more) yaw
groure, A lcast soucer vig for a particular group will provide

lqr and K,r 2 for that portion of the wom2ul vs. & ~ru=ve correeronding
(o] 8
to the yaw interval of that group.®* To compare the range dats with

wind tunnel measurements, k'l‘ vs, ¢ can te computed via definition.
?
» ( + n \ o) ) %
K1y 7 Fry2

(5)
. 82 w gin a .

In Figure 5 the range determination of k’l‘ vs a for @ between zero and
three degrees is compared with wind tunnel measurements.

Where the firings are too few to determine and for use in
) 82

Eq. (5), such as the case of the four larger yaw rounds in this repc:rt,
a egomevhat different treatment can be made for comperison with wind
tunnel measurements. In range firings k‘l‘ would be constant for circular
yaving motion. The concept of effective squared yav essentially implies

that only one K,r is ascociated with that class of angular motions
range .
for which d 62 is the same. Thus, KT can be associated with a circular

‘ e
yawing motion with amplitude arc sin ;b e2 .
“. (6) 8a(X, +K., 8°) B
'k'rrange xTrange lgr(') KTBZ

2
vhere 5 -P ge .

Hence, by means of Eqs. {4) and (6) ,
1

3
o o M ange 20Ty O ("vrmge*z 0, ®

= arc sin 8

In Reference 9, C. H. Murphy further presents a 'neu.nn of handling non-
polynomial nonlinearities, such as k'l‘ vs & in Figure 5. However, more

data than those nov available would be needed to apply this technique
to the 30mm T306 shell.

12
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where 8 = Vf*ea .

Using the wird tunnel determination of Kr s & (lgr, a) value can be conm-
0

puted fur .seh ¢ the four larger yaw rounds by means of Eq. (7). {In
this case however, th~ ¥_ tcrm of Eq. {7) wez negligible, i.e.,
Ky H L B.) These fowr points are also plotted in Figure 5. Con-

range
sidering the highly nonlincar nature of k. with &, *L. sgreement between

the two measursu’.®. fac!liuies is very encouraging.

At the risk of being redundant, Pigure 6 is vresent 2 4o thow haw
wind tunnel measurements, when transformed into KT va 52 » compare with
range data, Various portions of the wind tunnel curve of Figure 5 vere
approximated by cubics, resulting in the K, vs 82 curves of Pigure 6.
It is evident that extrapolations of such curves are not always valid.

K (1.e., K, at a = 0) vs. M 18 plotted in Figure 7.
0

2. Damping moment
Early comparison between the wind tunnel's (KHO - Ky ) nnd the
0

Aerodynamics Range's (KH - KMA) shoved serious disagreement. It
range .
wvas felt that the presence of the arming ball rotor in the fuze radically

changed the damping properties of the shell in flight, and, hence, the
computed (l(H - KMA) was an adulterated term. To test this hypothesis,
range

firings with the arming ball rotor removed were conducted in both ranges.
The presence of the ball reduces the moment and the data shows much
greater scatter, The scatter probably arises from individual i1diosyncra-
gies of ball-shell interaction of each round. These phenomena increase
with increasing Mach number.

Although the major discrepancy between the o;'iginal range data and
wind tunnel data can be attributed to the arming dball rotor, wind tunnel
data still do not completely agree with range data obtained from the
firings with the arming ball rotor removed. Figure 8 is a plot of
(lcK - Km) vs. M and includes both range and wind tunnel data. The

13
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"without-ball” firings at M = 1.8 agree with wind tunnel data; those at
M = 2.1 are ccnsiderably larger than wind tunnel data. The M = 2.1 firings,
however, ravc 18x¢er yive than the M = 1,8 firings. It could be conjectured
that the damping moment may he hirhly wiaincar with yaw around M = 2.0,

(The observed Magnus nonlinearity, KI' o) doee not scerunt tor the Alfferenne
8
since K, = - LW (Eq. 1)). To bring the two measuring facilities inin

agreement would require (K, - %, g o) te te of tne order of h0O; but wind
tunnel measurements show a value of -8 for (Kﬂoa "m L) At Mu 2,0,

Since the Air Force has abandoned this shell, it is felt that additional
range firings to clarify this discrepancy should not be made. Such non-
linearity investigations are being conducted on better experimental con-
figur-ations and also on standard shell still in use,

3. Yaw Damping Rates and the Arming Ball Rotor Effect

Precessional

The precessional yaw damping rate, ).2 s primarily reflects the behavior
of KT Consequently, 12 data are handled ia thc same manner as were
KT data. ).2 vs bie for the region 1.2{M<2.5 is plotted in Figure 9.

range
Based on Figure 9, l.2 vs. M at zero yaw is plotted in Figure 10.

Nutationsal

Extensive investigations made (and still being made) into the dynamic*
effects of the arming ball rotor on the flight of the 20mm HEI, T2682El shell
showed that the nutational yaw deamping rate, kl s 1s decreased in proportion
to the frequency ¢1 provided that the angular velocity of the shell, o,
is large enough to arm the fuze:

Am
¢1 - B (1 + U)
vhere  is fixed by the muzzle velocity and gun twist and where only ¢
varies with the density of air. For the 30mm T306 E10 shell, 57,000 rpm

are required to arm the fuze. Since the firings in this program were made
from a gun with a twist of 1:16.5, those rounds above M = 1.4 are the only

¥ .
Excluding the cffect produced by the inherent change in the physical
properties.

1
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ones helieved to heve armed the fuze and, hence, produce a decrease in

M (Fig. 11). If the shell wvere still to be used from high speed air-
craft fiying at altitudes hetween 30 and 60 thousand feet, standard
firing sonditions fyun Aet of 1:25 and muzzle velocity of 2700 fps)
would produce nutational fregnencims hwlw..i 12,400 and 12,800 rpm.

In the firings of this report {i:15.5 twist), such auinilonsl frcouencies
were produced at M = 1,6. Thus, the ball effect for the anticipated
firing conditions would be a reduction in A, measurcments Te: Amtirmined
hy the aerodynamic forces wrd muxcats alone, i.e., "without-ball") of
about 0.0025 (£t)~! regardless of the speed of the aircraft.

Since the discrepancies in the damping moment date from the wind
tunnel and from the "without-ball" firings cannot at present, be resolved,
a search into the ball effect on xl of the data in this report appears
futile. Should this projectile again be considered for Air Force use,
then further firings could be made to resolve the discrepancies and to
investigate the ball effect. It is hoped that the thorough investigation
being conducted on the ball effect of the flight of the 20mm T282El shell
would be completed by that time and that those results would facilitate
any further 30mm T306 E10 investigation.

b, Stability

The shell is dynsmically unstable below a Mach number one. Moreover,
this instability cannot be overcome by resorting to higher spin(lo).
However, 1t has been cobserved that for the 105mm Ml shell(u), for example,
there exists a "trim"# angle of yaw such that the shell is dynamically
stable at yaws above "trim". Such a trim angle may exist for the 3Omm T306
E10 shell in subsonic flight. The rounds in this report presumably have
average yawing levels below "trim" and, consequently, have dynamic *nsta-
bility.

%7‘?/?««6,_ 6“‘0&7’/"

EUGERE T. ROECKER EUGENE D. BOYER

_—
The word "trim" is borrowed from the field of aeronautics to designate

e limit cycle yawing motion.

15
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